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FOREWORD 

This document presents the results of the North American Aviation, 

Inc., Los Angeles Division's feasibility study of a prototype airborne 

respiration analyzer. The program was conducted over a period of five 

and one-half months under NASA Contract NAS4-966 and was sponsored by the 

NASA Flight Research Center, Edwards Air Force Base. Beckman Instruments, 

Inc. was a Subcontractor to North American Aviation, Inc. (NAA-LAD) in 

the feasibility study effort. 

me purpose of the present program was to design, fabricate, and test 

a prototype airborne respiratory analyzer for feasibility. Feasibility 

concerns the capability of the analyzer to measure certain physiological 

functions such as P02, PC02, temperature, and respiratory mass flow rate 

accurately enough that oxygen consumption can be calculated within an 

overall accuracy of +lO percent. 

The basic technical approach was outlined by the NASA (Dr. James Roman 

and Mr. Uuis Carpenter) as was the basic overall design configuration of 

the final prototype. The authors gratefully acknowledge the contributions 

of Paul Nielsen, NAA Laboratory Engineer, Verne Friedel, Laboratory 

Technician, also subject-observers R. Hart and R. Lepper. Acknowledgement 

is also given to test subjects Lynn Briley, R. Minner, W. Adams, and 

D. Manglesdorf of the NAA Life Sciences Group. Physiologists J. Raeke and 

M. Goldberg were especially helpful in the areas of laboratory test equip- 

ment and with advice and assistance in testing the human subjects. 

iii 





TABLE OF CONTENTS 

TITLE PAGE 

FOREWORD 

TABLE OF COXVTEIOCS 

LIST OF ILIJJSTRATIONS 

LIST OF SYMBOLS 

INTRODUCTION 

ANALYZER SYSTEM DESIGN 

Background 

Preliminary System Concepts 

Final Design Concepts 

TESTPROGRAM 

Test Setup and Procedures 

Development of Equations for Data Analysis 

DISCUSSION OF DATA 

INSTRUMENTATION CALIBRATION 

Flowmeter Calibrations 

Calibration of Oxygen Partial Pressure Sensor 

Calibration of CO2 Sensors 

Total Pressure Sensor Calibration 

Temperature Sensor Calibration 

MIXING CHAMBER DEVEIOPMENTS 

CONCLUSIONS AND RECOMMENDATIONS 

REFERENCES 

,APPENDIX - MISCELLANEOUS SYSTEM AND COMPONENT PHOTOGRAPHS 

iii 

v 

Vi 

ix 

1 

3 

3 
10 

13 
19 
19 
25 
51 
61 
61 

65 
65 
69 
69 
72 
86 
87 
88 

V 



LIST OF ILIUSTRATIOloS 

Figure Ho. Title Page 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9* 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

10. 

Schematic of the Prototype Respiration Analyzer 
System Shown to be Unsatisfactory Under ~~64-367 

Error Analysis, Respiration Analyzer, Unsatisfactory 
Configuration 

Preliminary Diagram of Reepiration Analyzer 
From Reference 3 

Effect of Error in Supply O2 Partial Pressure 
Measurement 

Effect of Error in D%sc@rae 02 Partial Preseure 
Measurement 

Effect of Error In CO2 Partial Pressure Measurement 

Schematic of Proposed Respiratory Analyzer 

Schematic of Respiratory Analyzer - 5ampling System 

5ubjective Classification of InsplFatory Resletsnce 
at Various Flow Rates 

Schematic of Laboratory Getup for Testing the 
Respiratory Analyzer System 

Schunatlc of Laboratory Setup for Testing the 
Respiratory Analyzer System 

Schematic of Isborstory Setup for Testing the 
Respiratory Analyzer Syetem 

Schematic of Iaboratory Setup for Testing the 
ResplFatory Analyzer System 

Iaboratory Test Data and Calculation 5heet 

Iaboratory Test Data 8nd Calculation Sheet 

Iaboratory Test D8ta and Calculstlon Sheet 

Laboratory Tart Data and Cslculstion 5heet 

Laboratory Test Dsta snd Calculntion Sheet 

vi 

4 

5 

6 

7 

8 

9 

11 

I2 

14 

21 

22 

23 

24 

29 

30 

31 

32 

33 



Figure No. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

Title 

Iabor8toryTsrtXW8 aad Calculation meet 

Iaboratory Test Data snd Calculation Sheet 

Iaboratory Test Data and Calculstlon Sheet 

Laborstory Test Data and Cslculatlon Bheet 

Labor8tory Test D8t8 snd Calculation Sheet 

Iaborstory Test Data and Calculation 5heet 

IabOr8tOq Test lkta and Calculation Sheet 

Iaborcrtory Test Data snd Calculation Sheet 

IsbOr8tOIy Test Data and C8lcUlati~ Sheet 

Laboratory Test Data and Calculation 5heet 

hbOr8tO~ Test Data and Calculation Sheet 

IsbOr8tOry Test D8t8 and Calculation Sheet 

Laboratory Test Data and Cslculation Sheet 

Laboratory Test Data end Calculation 5heet 

Iabor8tory Test Data and Calculation Sheet 

Offner Recorder Trace Run lo. 26 

Offner Recorder Trace Run Ho. 26 

Summation of Dst8 Results 

Flowmeter Tr8ce Copies From Run Ho. 38 5howlng 
Possible Discrepancies Between Flowmeter and 
Spirometer D8t8 

Diluter-Dem8nd Oxygen Regulator 02 Mlxlng Percent 

Diluter-Demand Oxygen Reguletor 

Recorder Conversion Curve for Run Ho. 26 

Recorder Calibration for Runs IJo. 29 snd 30 

3rr 
35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

40 

49 

50 

53 

55 

57 

se 

59 

60 

vii 



II #III . 111.1 , -,.,-, ,-..,-,,-.-,,.- -. -,. ,,.,,, . . .--... _.--..... -......,,--- . . . _ . .-. _ . 

LIST OF IIUJSTRATIONS 

Figure I?o. Title Page 

42. 

43. 

44. 

Calibration Data for Mass Flowmeter Serial 
NO. 007/022 62 

Calibration Data for Mass Flowmeter Serial No. 004/Olg 63 

Flowmeter Calibration S/N 019-004 64 

45. 

46. 

Respiration Analyzer PO2 Sensor Calibration 

Respiration Analyzer Calibration CO2 - 
Partial Pressure 

66 

67 

47. 

48. 

Calibration of IR PC02 Sensor 

Respiration Analyzer Calibration Total Pressure 
Channel 

68 

70 

49. Respiration Analyzer Calibration Temperature 71 

50. Typical Traces of CO2 Concentration and ; 73 

51. Typical Integration of a Breathing Cycle 75 

52. Schematic of Mixing Chamber Laboratory Test Setup 76 

53. Sketch of Expiratory Mixing Chamber 78 

54. Mixing Chamber Test Traces 80 

55. Mixing Chamber Test Traces 81 

56. Mixing Chamber Test Traces 82 

57. Mixing Chamber Test Traces 83 

58. Mixing Chamber Test Traces 84 

59* Mixing Chamber Test Traces 85 

viii 



LIST OF SYMBOLS 

F mol fraction, dimensionless 

il mass flowrate, lbs/min 

M molecular weight, dimensionless 

P partial pressure, mm Hg 

R, R.Q. respiratory quotient, dimensionless 

v volume, liters 
. 

volume flowrate and volume uptake, liters/min 

mass uptake, lbs/min 

difference 

Subscripts 

co2 
d 

E, 2, out 

H20 
in, 1 

N2 

02 
T 

carbon dioxide 

discharge 

expired 

water vapor 

inspired 

nitrogen 

oxygen 

total 

ix 



The need for a device which can be used to monitor the respiratory 

processes and oxygen uptake of a highly stressed air or space crew member 

is clearly recognized by aeromedical personnel. This need has resulted in 

several NASA contracts to study and develop techniques, sensors, and 

systems to accomplish these meaeurements in the flight environment since 

clinical techniques were not compatible with airborne use under transient 

conditions. 

NASA Contract NASb367 (Reference 2) was initiated for the purpose of 

developing to prototype status certain respiratory sensors and to test 

these sensor6 under various environmental conditions with human subjects. 

Under Phase I of that program a prototype sensor was assembled which uti- 

lized a Beckman Instruments, Inc. PC2, PCC2, PT, and temperature sensor 

and NASA-supplied Technology, Inc. mass flowmeters. Buring testing under 

sea level and altitude Condition6 several inherent errors became apparent 

with regard to the determination of oxygen consumption. However, it re- 

quired the efforts of a Phase II program with an analytical approach to 

the thermodynamic and physical characteristics of the system in order to 

pin-point the basic problems and determine the magnitude of possible 

errors. The results of the Phase II efforts were critically examined by 

Dr. J. Roman of the NASA Flight Research Center at Edward6 Air Force Base. 

At his recommendation, several concept change6 were made and further error 

analysis and system comparisons were conducted under Contract HA&-876 
(Reference 3). The rermlts of these Studies encouraged the development 

undertaken in the present program. 

The respiratory analyzer design described herein minimize6 the ln- 

herently large errors associated with me86Uring Small differences in large 

quantities. Previous attempts to measure to2 inhaled and $02 exhaled by 

difference techniques in both flow metering and partial pressure sensing 

resulted in very large errors. The present System eliminates the need for 

taking flow differences by utilizing the inert diluent gae a a measure of 

volumetric change between Inhalation and exhalation according to the 
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following equation: 

F*N . 
i,, = %02 

-21 
FIN2 *02 1 vE 0) 

The errors In measuring the difference between Inhaled and exhaled PO2 are 

minimized by using a single sensor to determine both values thus eliminating 

the need for extreme accuracy in absolute partial pressure values. 

The principle task6 covered by this program a6 given by the Work 

Statement are 86 fOllOW6: 

1. 
2. 

3* 

4. 

5. 

Prove experimentally the feasibility of single sensor 02 sempllng. 

Design system, assuming perfect input and output mixing. 

Build and test system, using different levels of steady-state 

Input P02, and large, easily constnuzted mixing chambers, 

accepting the inevitably long time constant associated with 

such chambers. 

Present the results of tests of this device to FRC, including 

spirometer and/or meteorologic81 balloon sampling Check6 of the 

method at altitudes of: SL, 5000, 10,000, 15,000-ft pressure 

altitude. 

Design and test small mixing chambers, and determine the minimum 

required size for fl percent PO2 variation over one entire 

exhalation or inhalation using a NASA-furnished regulator for 

input testing. 



AHUYZER SYS!l'EM DESIGN 

RACKGROUND 

The b86iC principles of the analyzer system design were established 

as the result of #ASA Contracts rusk-876 (Reference 3) and ~~~4-367 
(Reference 2). The work of Reference (2) COnSiSted of an error analysis 

of an earlier system design arid was very helpful In determining sensor 

characteristics and In identifying problem areas and technique6 which must 

be avoided. A schematic of this system and 8 summary curve of the error 

analysis are ehovn in figures 1 and 2. The extreme eensitivity of oxygen 

uptake to mass flow measurement accuracy is apparent. When the problems 

of measuring a pulsatile flow are considered, the inherent difficulties 

become even more striking. Both oxygen partial pressure and total pressure 

aCCuraCieS are 8160 seen to exert Strong influence on oxygen uptake. 

These parameters, and particularly the total pressure, are, however, less 

susceptible to error in measurement. 

The method suggested in Reference (3) offer6 considerable improve- 

ment in feasibility. A schematic of this system along with typical error 

analyses curves are shown in figure 3 through 6. The basic equation for 

determining oxygen uptake for i&i6 system is: 

. 
Vo2 = 
where PN 

2 out 
= PT - PC0 -P 

2 out 02 out 

and 

It may also be expressed In terms of oxygen mass uptake in the form: 

Mcrut 
‘-MO2 in 'T in - ‘O2 cut PT - P 

'T - “2 in 

O? out - PC02 
I 

- PWout iin (3) 
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Here it can be seen that the sensitivity of oxygen uptake to mass 

flow metering has been reduced to approximately 1/60th of that in the pre- 

vious example and that the accuracy requirements for oxygen partial pres- 

sure sensing are also appreciably alleviated. In spite of these decreased 

sensitivities, however, the accumulative errors could be undesirably large 

unless further improvements could be made, particularly in oxygen partial 

pressure sensing. This problem was examined by Dr. Roman of the NASA 

Flight Research Center and recommendations were made to design a system In 

which both the inhaled and exhaled air be sampled by the same sensor in 

order to eliminate the need for extreme accuracies in the absolute values 

of oxygen partial pressure. It was further recommended that the device 

sample quasi-steady-state gas composition rather than the rapidly fluctua- 

ting compositions of unmixed inspiratory or expiratory products. This was 

to be accomplished by placing mixing chambers in the supply and discharge 

lines from the mask which would be capable of keeping breath-by-breath 

fluctuations of PO2 and PC02to 53, percent or less, as measured at the out- 

put of the sensors. The inhaled and exhaled gasses were to be monitored 

alternately. 

PRELIMINARY SYSTEM CONCEPTS 

As a result of the previous program failures to prove feasibility 

with the system design concept utilized, the first task of the present 

program in light of the error analysis was to design a system concept con- 

taining desired features discussed in preceding paragraphs. Many trade- 

off studies were made to determine a design of a respiration analyzer which 

would have sufficiently good characteristics to be fabricated for test and 

further development. Of all the basic designs evaluated, two methods 

evolved which typified the possible designs which utilize single sensor 

Pi measurement. These systems are shown schematically in figures 7 
and 8 . 

'Ihe system shown in figure 7 processes all inspired and expired 

gases. The valves in the valve housing, which also contains all the sensors 

except the Pco2 unit, are actuated by the subjects breathing forces. !llhe 

PO2 sensor sees inspired and expired gases alternately on a breath-by- 

breath basis, and, therefore, requires a fast response to changing 

10 
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composition. Since the flowmeter is located downstream (expired side) the 

water must be absorbed in order to know the condition of the sir and since 

absorbents of water also absorb Bane C02, then all CO2 plrst be absorbed in 

order to determine the quantity of the gaseous constituents. In another 

system design the flowmeter could be located upstream (inspired side) and 

thus eliminate the problem of moisture getting Into the flowmeter. There 

are certain inherent problems with this system. The design Is subject to 

high breathing resistance because of the valves and absorbers. Also, CO2 

absorption in a flight system would be highly undesirable and the fast re- 

sponse requirement for the sensors carld make satisfactory PO2 sensing 

marginal. The system shown in figure 8 was selected as the most promising 

design, containing the most desirable features from many practical stand- 

points and will be discussed in the next section. 

FINAL DESIGN CONCEPT 

In the system shnwn fn figure 8, only a small portion of the inspired 

or expired air is processed (from 100 to 200 cc/minute). The gas sample 

processing is separated from the breathing system Insofar as the main venti- 

lation path is concerned, such that the subject will not feel any large 

flow resistances. Flow resistances must be in accordance with figure 9. 
Extremely fast response times for the sensors are not required since the 

motor-timed solenoid valves will allow 30 seconds sensing of inspired and 

30 seconds sensing of expired gases each minute of operation. An ad&stable 

cam on the timing motor allows for changes In the timing sequence of the 

valves if desired. The mass flow rate of gases Is measured on the inspired 

side so that there will be no moisture to distort the accuracy of the lnstru- 

ment. Internal volume in the area of the sensors was kept to a minirmm by 

careful design of the sensor housing and proper location of the solenoid 

valves. 

Referring again to figure 8, the Inspired air can be supplied from a 
prepared mixed gas or a diluter-demand regulator. In actual aircraft use, 

however, only the diluter-demand regulator will be incorporated. The ln- 

spired air then passes into a mixing chamber capable of mixing the gas 

such that the breath-to-breath fluctuations In PO2 are msintalned within 

13 
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fl percent. Ihe gas then passes thrargh a flowmeter (Technology, Inc. 

pneumotachcnneter) whose output Is recorded as a breath-by-breath trace. 

%c gas then passes through the breathing valve in the mouthpiece. On the 

expiration side, the exhaled gases MESS through a breathing valve and into 

a similar mixing chamber. In actual flight use, the discharge from the 

mixing chamber would be dumped Into the cockpit. In the test setup,however, 

the expired gases were collected for treatment and analysis. Several 

methods of treating and analyzing the gases have been employed thrcughaut 

this program and are discussed elsewhere in this report. lha~yBiB of the 

Inspired and expired gases are accomplished by alternately withdrawing 

samples from.the two mixing chambers and passfng them through the sensor 

houslngB where values of P02, Pc02, PT, and T are measured. !Lhe Bt3QlOB 

are withdrawn by means of a vacuum pump which maintains sonic flow across 

the annular orifice of a needle valve. In the final analyzer package a 

small rotameter is utilized to measure the sample flow. Ihe gases from 

the sample chamber are first passed through a heat-sink type heat exchanger 

which assures that both sample streams are at the same temperature. 'Ihe 

expired gas then passes through a chamber which was initially packed with 

a wicking material to absorb any free water which might be present in the 

expired gas. It was later found this was not necessary and the packing 

was removed. The gas is then passed through solenoid-actuated valves 

which alternately introduce inspired and expired gases to the sensors. 

The flow volume between the solenoid and the sensors is kept extremely 

small to minimize purging time between cycles. Sample flow rates were 

adjusted to between 100 and 200 cc's per minute. It was originally assumed 

that the expired breath would be continually cooled down as the flow passed 

through the lines, mixing chamber, and heat sink heat exchanger. ‘&US, 

the exhaled air which was essentially saturated would lose moisture by con- 

densation through the entire process and would be saturated at the tempera- 

ture of the sensor housing. tiring the testing, however, it was found that 

the heat rejection of the solenoid valves raised the temperature of the 

sensor housing and heat exchanger unit considerably above the temperature 

of the mixing chamber. It thus became necessary to compute the partial 

pressure of water on the basis of saturation at the mixing chamber tempera-, 

lame. The temperature sensor in the analyzer thus became superfluous since 

15 



it was not required for any of the other data reduction. 

A preliminary specification was prepared for the monitoring system 

which was to be designed and constmcted by Beckman. This design epecifi- 

cation and miscellaneous Information are shown below. 

MLscellaneous Information 

The monitoring system consists of the following: 

(1) Heat exchanger 

(2) Water droplet absorber 

(3) Solenoid valves (2) 

(4) PO2 sensor system 

(5) pm2 sensor system 

(6) Air temperature sensor system 

(7) Total pressure sensor system 

(8) Needle valve and rotometer 

(9) Timer with adjustable cams 

(10) Analysis chamber 

(11) Enclosure, containing all the above 

Figure 8 is a schematic representation of the complete analyzer. 

The blocked-in portion Is to be furnished by Eeclnnan, and will be mounted 

in a single enclosure. 

This system will be used in a laboratory, but is a prototype for a 

flight unit. It will normally be used for periods of approximately 

15 minutes. 

Operation will consist of one-minute cycles, each cycle consisting of 

two definite periods; one period when inspired gases are being sampled, 

and the other period when expired gases are sampled. 

A period will last a minimum of 15 seconds, but should be adjustable 

(I.e., typical periods might be 15 seconds/&5 seconds, or 30 seconds/ 

30 seconds). 

The operating ambient temperature range will be 50'F to llO°F, while 

the gas temperature in the sample cell will probably hold around 80°F (due 

to the heat sink plus thermal insulation from ambient). 
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The instrument shall require a maximum of 13 seconds to respond 98 per- 

cent after switching sample gas (from inspired to expired gas or vice versa), 

which includes sample-cell purge time as well as sensor response times. 

The sample cell temperature (excluding the IR CO2 cell) must be below 

98°F. (This can be adhered to even in lOOoF ambient8 due to the cooling 

action of the inspired air, which will be kept below 9°F.) 

All sensors should be calibrated within f2 percent (21 percent wherever 

possible). All outputs should be 0 - 5 volts dc, single ended. 
pO2 wi11 

be fl.O percent of reading. 

The system will be required to operate in environments from sea-level 

pressure to 15,000 ft simulated altitude (8.29 psi). 

Because it is necessary to deliver the instrument by December 27, and 

it was felt that the IR CO2 sensor could not be completed until January 31, 
North American agreed to accept an initial delivery by December 27 with 

an interim CO2 monitor (the Monobeam). The IR CO2 will be installed into 

the instrument when completed, and the instrument must be designed to 

accommodate it. 

Specifications 

1. Analyzer 

Size 
Weight 
Pneumatic connections 
Power 

Electrical connections 

Output connectors 
Controls 

2. PO2 Channel 

not specified 
not specified 
3-2 inlet, 1 outlet; l/8" tube fittings 
28~ dc +-3v dc (115~ 60 cycle may be utilized 
if absolutely necessary) 
(1) 5-way binding posts (2) for 28~ dc power 
(2) 115~ 60 line cord (optional) 
j-circuit phone jacks 
(1) front panel controls for all channels 
(2) power switch 
(3) circuit breaker 
(4) timer mode switch 

po2 range 
Accuracy 
Temp. Range 
Response Time 

o-500 mm Hg 
+2$ of reading (*l$ atf5OF temperature) 
60V t0 loooF 
9596 response to a 50 mm Hg step change In 
10 Be!COndB 

17 



2. 

3. 

4. 

5. 

Pan Channel (Continued) 
-c 

output 
Output Impedance 
Power 
Linearity 
Controls 

Temperature Channel 

Temperature Range 
Accuracy 
Response Time 

Linearity 

Output 
Output Impedance 
Power 
Controls 

Pressure Channel 

Pressure Range 
Accuracy 
Response time 
Linearity 
Output 
Output Impedance 
Power 
Controls 

IR CO2 Channel 

Pco2 Range 
Accuracy 
Response Time 

Linearity 
Output 
Output Impedance 
Power 
Controls 

0-5~ dc 
less than 1000 ohms 
+ 12v, - 6v dc 
+-14 of full scale 
Callb (span) 

50” - lOOoF 
+0.5OF 
984 Response to step change in 10 seconds 
(in moving air) 
Not specified (calibration curve will be 
supplied if nonlinearity exceeds 0.5OF) 
0-5~ dc 
Less than 1000 ohms 
+ 12v, -6v dc 
Calib (span); Zero 50"; Cal 100"; Cal; Operate 

O-20 psia 
*2$ of full scale 
985 response is less than 1 second 
il$ of full scale 
0-5~ dc 
less than 1000 ohms 
+ 20v dc; + 12~ dc; - 6v dc 
Calib (span) zero 

O-40 mm Hg Pm2 

f2$ of full scale 
98s response to step change in less than 
1 second, (exclusive of cell purge time) 
Not specified 
0-5~ dc 
less than 1000 ohms 
Not specified 
Callb (span) zero 
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TESTPROGRAM 

TESTSEtUPMDPFWEWRES 

It.may be well to note at this point that the primary purpose In these 

tests was not to collect physiological data, but to check the operational 

characteristics and accuracy of sensing of the system utilizing human sub- 

jects breathing Into the system at different energy output levels. The 

system was arranged such that the effluent from the expiratory mlxlng 

chamber could be collected over an accurately known Interval of the run, 

and the volume and composition compared to the averages of the dynamic 

readings obtained by the analyzer during this same Interval of time. 

IXtrlng the course of the program several variations to the laboratory 

test setup and experimental procedures were tried utilizing both human 

subjects and a breathing machine. Some of the major changer are shown In 

the schematics, figures 10 through 13 , where It may be seen that the 

changes were primarily with the laboratory method of collecting and deter- 

mining the volume of expired gases and In the use of CO2 and H20 absorbers. 

Some changes were made for purpose of expediting the tests so that the 

subjects would not be required to spend long periods of time walking on 

the treadmill while sample analysis and volume checks were made. This was 

primarily the reason, early in the test program, for the change between 

figures 10 and 11 . In this change, the gas meter was eliminated and the 

expired gases were collected in the splrometer directly. Utilizing 

figure 11 ) which was the test setup for most of the sea level runs prior 

to Pun No. 20, a typical run was made after the system was warmed up, as 
follows : 

1. The subject.lnserts the mouthpiece and begins breathing Into 

system. 

2. The sample shut-off valve Is closed. 

3. The analyzer Is placed In "Timer Mode" to alternately sample 

inspired and expired gas. 

4. The sample valve from the lnsplratory mixing chamber or line 

is opened. 



5. 

6. 

7. 

0. 

9. 
10. 

11. 

The three-vay valve Is closed and the splraneter Is filled 

and purged by opening the outlet valve of the spirometer exhaust 

line. 

After several purgings the spirometer Is filled for a lun at a 
given set of conditions for the subject. 

The time Is accurately noted by an impulse sent to the Offner 

Recorder when the three-way valve Is switched to fill and when 

the impulse Is cut off as the valve Is switched to by-par6 

position. 

The sample ahut-off valve Is opened and the sample valve in the 

Inspired line Is closed. 

The analyzer is locked on 'Inhale" position of the solenoid valves. 

!Che splroDneter is partially purged and the splrometer gases 

are sampled and the data recorded continuously. 

The remainder of the splrometer gases are purged and a hygro- 

meter reading taken of the humldlty of the spirometer gases. 

Periodically, before and after test Iuns, the accuracy of the PO2 and 

Pi sensors was checked utilizing prepared gas mixtures whose composition 

had been very accurately tested and noted. A more detailed description of 

these sensor calibrations and examples of the calibrations may be fcund In 

later sections of this report. 

Several shortcomings In the system used to collect the discharge gas 

samples were noted during Initial runs. It was found that at high work 

levels the 13.5 liter spirometer could collect only about a l/2 to one- 

minute sample. This made the operation of the three-way valve difficult 

for the operator and magnified the effert of errors In timing, since valve 

opening and closing time could represent 3 or 4 percent of the sample ln- 

terval. The large volume of the cannlster used in processing the dis- 

charge gas meant that the sample actually collected in the .spirometer did 

not correspond time-wise to the gas being monitored by the analyzer. The 

splrometer also has an Inherent difficulty In that the gas being sampled 

Is diluted with the mixture already present in the tare volume of the 

spirometer. Although the spirometer was purged several times using the 

subjects breath, any changes In respiration from purging to actual sampling 
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would introduce error. Also, the water used as a seal in the spirometer 

rehumidified the dried gases to some extent. 

It was decided to reduce system volumes and eliminate both CO2 and H20 

absorber canisters. The CO2 which was no longer absorbed was simply measured 

during the sampling procedures. Advantages were gained in that less volume 

existed between the subject and the collection system. The expired gases 

were collected directly into a meteorological balloon. After a sufficient 

sample of expired gases (usually about 2 minutes) were collected the balloon 

would be disconnected from the three-way valve and connected to the spiro- 

meter inlet where the volume would be measured in one or more operations 

of the spirometer and a sample of this gas would be drawn through the 

analyzer sensing chamber for analysis of Pi, Pco2, etc. This method and 

procedureareshown schematically in figure 12 . The change shown in the 

schematic, figure 13, was made in the sensing lines from the spirometer 

to the analyzer. Originally, the line for sampling gas from the spiromete 

wasteed into the inspiratory gas sensing line instead of the expiratory gas 

sensing line. This was changed after Run No. 26 when it was suspected 

that the sensing line valve was not closed tight on the previous run thus 

diluting the balloon sample with oxygen enriched air and causing an error 

in the results. 

DEVELOPMERT OF EQUATIONS FOR DATA ANALYSIS 
A convenient starting point for development of the relationship utilized 

in analyzing the data of these tests may be found in Reference (lo), 

page 683, equations (8)) (g), and (12), renumbered as shown below. 

Gco2 = 
FEN - 

2 
- Fko2 
F1H2 _ I +E (4) where 

(5) 

f-6 1 
FE _ FI + 

R = co2 co2 “2 

FI FElo;! - F 
‘2 F 

IHL 
Eo2 
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It should be noted that when no nitrogen (or other physiologically inert) 

gas is present, the equations become degenerate. Furthermore, it should be 

emphasized that all the subsequent equations are strictly valid only when 

the rate of exchange of nitrogen is zero. It is customary to use volumes 

corrected to standard conditions when working with these equations. In 

the experimental work involved in this program, both volumes and mass flows 

are measured and it was found most convenient to analyze the data at the 

volumes as measured at the mixing chamber pressures and temperatures and to 

convert mass flow readings to these same conditions. The final values of 

$, are then corrected to standard conditions. 

Equation (5) for oxygen uptake can be written as: 

pii 

“2 in 
2 out 

. 

'02 = '02 in - '02 = 

'T l 
po2 out . 

x p 'E - PT FE (7) 
pT 

N2 in 

pT 

For convenience, the if terms can be replaced by actual volumes determined 

over a given run time and the oxygen consumption during the run designated 

as Avo2- Then 

AVo2 = v02 in - '02 out = 2 '02 in x Ez z” - po2 out (8) 

Since flow metering is accomplished on the inhalation side the equation 

may be written 

ho2 = 
pm2 out x Vin x ‘N2 in 

PT pm out 
where no Co2 is preeent in (9) 

the inhaled gas. 

Respiratory quotient (R.Q.)may be written as follows: 

ko2 p(332 R.Q. = - - - pN2 in 
vo, PT 

x Vin .x - 
'N2 out 00) 
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The volume of oxygen uptake is easily converted to standard conditions 
(STPD) and to rate of volume uptake for more meaningful infornrstion by 
equation: 

'BP 492 
5r60 x Tub 

Converting to any other conditions can be done in a similar fashion and 
will be left to the reader. 

The ratio of the partial pressure of the exhaled nitrogen to the inhaled 

nitrogen pN2 out 
p _.. is computed by knowing the total pressure and the partial 

N2 in 
pressure of all other constituents. The ratio is hypothetical in that it 

assumes an isothermal condition from inspiration to expiration. This hypo- 

thetical value can be used accurately, however, since temperature and pres- 

sure in the exhaled mixing chamber are known and the inhaled volume is 

computed from a mass flow measurement converted to exhaled mixing chamber 

temperature and pressure and corrected for the molecular weight of the 

mixture. The equation becomes: 

pN2 out 'T - 
PO2 out - pco 

2 out - pH2O out = ~~ .~ ~ 
‘W in PT - '02 in - 'II20 in 

0-a 

where no CO2 is present in the inspired gas. The partial pressure of in- 

haled water vapor is computed from the relative humidity of the inspired 

air corrected to expired mixing chamber conditions. The partial pressure 

of the exhaled water vapor is computed for saturation at expired mixing 

chamber conditions. 

Since the term pN2 in 
pN2 Out 

represents the ratio of the totalirrspired to 

total expired flow under isothermal and isobaric conditions, it is ex- 

pressed on the data sheets as VT 
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The equations shown above have been used to compute the oxygen uptake 

from sununarized data as shown on the data sheets, figures 14 through 33 . 

The data sheets contain data frcsn both the analyzer and the laboratory 

standard, referred to as "bag samples" on the data sheets. !Ibe data sheets 

contain general information as to barometric pressure, temperature, run 

time, altitude, humidity conditions when required, etc. There are also 

results of computed values such as density (ge) and the volumes of gas 

measured from the "bag sampleW(meteorological balloon) called Vspir and the 

volume calculated from an integration of the area trace obtained from the 

flowmeter, indicated as Vin on the data sheet. The columns of data on Pco2, 

'02 in' and p%! out are read and averaged from the Offner recorder data 

traces such as the example shown as figures 34 and 35 . Each recording 

contains a trace of Pm2 from the analyzer for both exhaled gases in the 

mixing chamber and from those collected in the balloon. A total pressure 

and temperature trace are shown. '02 in and po2 out are shown as well as 

the mass flow rate for each inspiration. Also shown on each trace is the 

time record of each run. It may be noted on the flowmetering trace that 

the beginning of a run is taken in the middle of an inspiration and ended 

in the middle of an inspiration. This is done so that the total gases 

collected for that run can be accurately determined from the area under the 

curve and the exact breaths accounted for on the trace. However, it must 

be remembered that due to line lengths in the system, possibly two or three 

breaths entering the balloon were actually breathed prior to the run, thus 

requiring that fairly stabilized conditions prevail prior to the run. 

The analyzer was placed in the timer mode during each run sensing inspira- 

tory gases for 30 seconds and expiratory gases for 30 seconds. In order 

that an average value of Pm2, PO2 in and.P02 out could be used in the 

calculations, ten points at three different cycle modes were normally 

selected for averaging. 
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3 4.65 4.50 4.25 

5 2.81 2.83 2.81 5 1.80 i.82 --- -- 
6 2.81 2.02 2.31 6 1.80 1.82 --- -- 
7 2.81 2.82 2.80 7 1.79 1.80 --- 
8 2.81 2.32 2.80 3 1.79 1.80 
9 2.81 282 . 2.80 9 1.79 1.79 

10 2.82 2.82 2.80 10 1.80 1.80 --- -- 

AI 5.13 4.55 4.36 Av 2.81 2.83 2.82 Av 1.81 1.80 1.81 --P --- --- 

Av 4.69 Cm 37:2 m IQ AV 191.8 m 22 AV 141.4 I &g 

.2 x 1.2 x 1.03ll x 1 
& - r51'I x'2.7762 

- 
rr ml- 

Pm2 = 4.63 - I xi.8 I k 

‘02 oat - 141.0 * #2 

P in - 191.8 
02 -4 

d”c2 = v* 1 -v* mt- 10.7f16 - 8b1g5.2.6261 n . . 

"'2 Andy mz= AV 02 Splroetar 

R.e. Andyur - .0* 

p@2 aat1 - '02 at,, 141.0 - 141.4 - _ 0.4 I o.m 

po2 in* - 4 QLtA - 191.8 - 141.8 3T 



ChbJnt L. B. Iu 29.945 ar 76a6Q3 I u 
wo* Iml Stmdln# T. 01 l T 
Altim& 15,000 It =, = l ? 
Supply WmMluter-I*mnd Reg. 

Liters 

pa@ In Iam -I( vin = 20.0 Llun 

pa20 fAt 26.9 ,- ar PT- 426mmlig 

p% 
1-UL1.l0--.- 
2 3.20 3.32 

? 3.22 3.33 

4 3.25 3.25 

5 3.25 3.20 

63.33-p 
7 3.40 3.25 

B-l&L3.p5 

S--3&25-- 

i"9.281.25- 

-J2 in 
1-lfiUL-- 
2 160.1 165.5 
3 160.0 164.0 
L 1600 
5-z 

164.2 -- 
164 2 -A- 

6 159.9 164 2 d- 
7 159.9 '164 1 . 
e-164.1 
916o.o-Lk.L~ 

10160.2164.e- 

% CUt 
1-a- 
2 1282 I.282 A -- 

3-a--- 120.2 

4 1282 A 128 2 -- 
5 1280 

6In.e 
-- 

128 2 

uEz9128.1--- 

em.7128.1- 

9127.7128.0- 

10127.7 128.0 

AV 3.29 3.27 AV 160 0 la 4 AA- 4v 128.0 128.1 

Av 3.29 Q 26 2 - m Q Av 162.2 m Is Av 128.1 = Hs 

"=2 PM1 
P 

'T- '2in- Pn201. 426 - 162.2 
F = %; = pT _ po2 at _ pa2o _ p 

cQ2 
mt = 426 - 128.1 - 26.9 - 26.2 = % = "=' 

hiaxr*, . 
"o;, in = PT 

gg I. 20.0 = 7.615 

4 art x V'i" x VW mt - pr I 20.0 x i.uV3 = 6.483 

A$. Voz in - V% at - 7.615 - 6.483 - 1.1~ 

n.e. = 

PI1 426 - VT2 'T 162.2 - PO 2 1n - 

5 = 
5 

= 'T - 
'02 

I mt- 
'CO2 cut-F'%o 

% OUt vo,,t= pr f bpir = w x 21.26 = 6.510 

v32 in = 
pO2 V.pir 162.2 91.26 
F x Vn .2"T1 

. r = 1.092 - 7.413 

dvc2 = Vo2 l n - Vo2 mt. 7.413 - 6.578 I .035 
. . 

WIMUU 

"'2 Andy Ye= 
-2 Sp1raeter 

R.e. Anslyur I 1.170 



hbJmt LB. lu 29.95 =I# r60.603 1 u 

Wall: ImlUEUCO!i@ 1.5 nph T- 81 7 
Altlnlb 15,~ Ft. 2,. - 7 
.5qp4O~ DIUJIBR-IEKWDREG. ~2 .03?3 f/n' 
run zlr 148.35 me. v'lpir 37.58 Liters 

%?fJ. = 0 -4 via I 4os6 utm 

%G @ht 26.9 -4 
PT 426.0 mu Eg 

‘ODz 
% in PO;, (Ilt 

1 4.62 4.50 1 160.0 163.3 1 109.3 --P -- u-l.5 -_ 
2 4.63 4.50 2 160.0 163.3 2 109.3 --- --- -sLL- 
? 4.61 4.48 3 160.0 163.0 3109.9-- 
4 4.62 4.42 k 160.2 162.5 4 109.2 l.ll.6 --- 
5 4.65 -4.37 5 160.5 -162.0 5 109.1 ll2.0 
6F4.40 

--- -- 
6 160.8 162 .o 6 106.8 l12.1 --- -- --- 

7 4.69 4.30 7 160.8 162.0 'JQLLS- 
3 4.62 4.28 8 161.0 162.2 8 X28.0 --- -- n2.2 
9 4.62 4.18 9 160.8 162.1 9 103.0 --- -c__ -- 112.5 

IF 4.63 4.20 10 160.7 162.2 10 108.0 l12.8 mm- -mm --- 

h 4.63 4.63, A”160.5 -&ii A”- -y29 

Av ‘*5O m 36-Q II & Av 161.5 m q Iv u0.3 I & -- 

% '11 'T - 
.P 

'2 in - 'I.0 in 426.0 - 161.5 - o A .A. vn % PT - P,& -t - a20 - '002 at = 426.0 - l10.3 - 26.9 - 36 = $% = 1d+63 

,* la . ~'VlS AL&d!?& i 6&p ;15.39ltl 

V@ at I %+ut.vl,x’~ - no.3 x 40.6 I ~046$ _ 46 

-T 426 
-g = Il.0210 

T 

Av4 . voo in - v* at = 15.3918 - lJA2lo = 4.3708 

pm2 cat LO. = 2 = r, 

. 
Iv,pl, 1m.g 37.58 = i!?@ = 9.5723 

*"o2=%ie-YQalt= 13.777 - 9.5723 = 4.2047 

SJwkru 

- - ggg = 1.0393 

i7.e. wr . .I321 

po2 al% 
PC%? 1% - 

-:" -=-'A . .$!$#?j . _ fi. -o.ojp 
O2 QLtA 

vA VT2 40.6 x LoM3 I 1.132 



lu 30.14 -4 765.5% - 4 
T- 79 7 

Llterm 
P&o In _---- -4 ha I 25.60 Lltarm 
F+&omt 25.7 -4 Pr = 628.7 I u 

p% 4 in % (Ilt 
13.28-LXL-SL 1 ll4.l 114.3 1 82.0 80.7 83.0 -- --- 
2 3.25 3.35 3.17 2 114.X 114.3 2 82.0 81.0 83.0 -- P-P 
? 3.27 3.30 3.17 3 114.3 114.3 3 82.1 81.2 83.0 -- --- 
49,203.302 4--- --- 114.6 114.2 4 82.1 81.5 83.0 
5 1.25 1.2-a 3.13 5 ~~~ --- 114.0 5 82.1 al.5 83.0 
6 7.2-I 9.25 3.12 6 114.5 114.0- ---- 6 82.1 al.7 83.2 
7 1.29 1.20 3.10 7115.0-- ---- 114.1 82.1 al.7 83.5 
@ 3.25 3.20 l.ca am-- --- 114.2 9 82.1 al.8 83.5 
9 7.27 3.17 3. 5 0 ll5.5 Al- --- 9 82.1 al.9 83.5 

i0 74.25 1.12 7.07 10 115.1 114.0 10 82.1 82.0 a3,5 --- 

AI 3.27 325- --- --- 3.12 h 114.8 114.2 Av 82.1 al.5 83.2 
114.5 82.4 

Av 3.21 m 25.7 m as AV 230.0 mBg AV 197.8 -ap 

"Q Pill PT - PO2 in - '50 in 620.7 - 230 - o 
qy '& - pT _ po2 Ott _ be0 _ pa mt = 7iiB.7 - 197.6 - 25.3 - 25.7 = %% = 1*0@5 

Pg, I vim I 
"02 in = PT 

w, :%.,.36, 

lg.8 I 25.60 x 1.0495 
628.7 = w - a.4529 

Av%= Vg;!ln ‘V4 at = 9.3654 - a.4529 = .9l25 

R.4. = Avco2 25.7 x 25.60 x 1.0495 I 1 

dvoz 
& = 628.7 I .9125 

PO2 cut I 197.0 -4 

* PP.0 PO2 in - 14 

V* po2 ‘spir “2:: - - x 
PT “‘2 ,v’f 1 

*"02=%i n -V*out= 9.x686-a.2096 . .m - . 



u-66-389 
msTuTf0lrAwL~ ItInt 30 &t4 3-a-66 

IhbJd L. B. mr 90.14 "4 765.556 - 4 

Work h"lW@lk o( at 3.5 mh T- 79 -I 

Altitude 5OcQ It Tn = 7 
slpply Cs~ptluter-Dernd Rf. pa = .cm f/n= 
mn nr 160.1 SIC. Vmpir 52.68 Lit.er# 
bf20 In.-- 4 Vin = 52.2 litam 
Pa20 aat 25.9 DES PT = 628.7 I 2s 

pm2 % ia 52 mt 
1.5.3--- 5.45 1 --- 106.2 103.3 110.3 1 --- 58.5 57.5 60.5 
2 5.32 5.40 --- 2 106.0 108.5 110.3 2 58.4 57.7 60.5 -- 
? 5.32 5.50 __-- 3 -- 105.8 106.7 110.3 3 58.4 57.8 60.2 
4 5.30 5.50 L 105.9 109.2 110.5 4 -- 5d3.h 58.0 60.1 -- 
5 5.30 5.52 ---- 5 160 log.0 __ 111.2 S-58.!- 2?~1- - 60.0 
6 5.28 5.53 --- 6 106.3 108.5 111.2 6 58.3 58.3 59..7 -- 
‘7 5.28 5.50 - --- -106.3-- 108.3 111.3 -- 58.2 58.5 59.5 
8 5.25 5.55 8 106.3 1cks.l 111.5 9 55.2 - se.7 59.3 ___ - _L_ - 
9 5.25 5.55 ? 106.3 lC8.0 111.7 9 5a.l 59.4 58.8 
X 5.18 5.48 10 106.3 108.2 111.7 10 58.1 59.5 56.5 -- 

AV 5.28 5.50 Av 106.1 108.5 lU.0 A" se.9 & 3KL 

AV 5.39 cm 43.1 m Q A” 224.0 Em ug AV 174.0 II ap 

"T2 PM1 'T - 
P 
'2 in - '%O in 628.7 - n4 - 0 404.7 - .- = 

-1 Par2 pT - pO2 at - pa2o -pwF = ‘62e.7 - 174 - 25.3 - 43.1 = m = 1.0476 

= w I 18.5984 

92 174 x 
F‘ 

52.2 x 1.0476 
628.7 

AvDz = ‘9 In - v?2 mt m a.59134 - 15.1346 = 3.WJ 

R.4. = = #cf$$ = 1.0823 

Tllurr 24 
uum2 

w -lea 
Pco2' 5.35 rr- 42.8 I ar 

'02 out = 175.2 I a 

PO2 ia = 224.0 -4 

% cut 
"02 at = - = ‘ape = 

175.2 I 52.68 
PT 

628.7 

V.. PO 
"2 ia --2x 

v sp:r 
pT VW *p #VT, 

. fgg&= p+= 17.8739 

A"c2 -%in -"02a2t= 17.a739 - l4.6acA l 3.1935 
. . 

"'2 Analyzer = 2L!!s I l.c046 
'"02 Spirmctcr 3.1935 

R.Q. Analyzer l 1.0823 



IA-66-m 

rQm1IuTI01ARALTrm nm + 31 mta 3-g-66 

tkbjmt D. q . mr 30.w -4 763.na - 4 
York IanlEi~lu T-79 =T 
Altltudm~ it Tw = 7 
SlpplJ ~~J@nter-Rmnd Lg. VI .os* j/fi= 
ma The 157.7 me. hpir 15.90 litarm 
F-&OIn urn -4 'in = 15.0 litarm 
Pa20 mt 25.3 -4 PT=42614 

peo2 PC2 in +J2 aJt 

1~~~. --- 1 173.5 175.8 178.8 1 125.7 122.4 129.7 

2 4.13 4.34 2 173.5 174.5 173.5 2 125.7 122.3 130.0 
? r.lJ 4.40 3 - -- 173.5 174.0 172.5 3 125.6 122.2 130.5 
4 4.15 4.40 L 179.5 173.3 172.3 4 125.6 121.9 130.2 

5- 4.21 4.35 5 173.7 172.2 172.0 5 125.4 x21.9 131.0 
6 4.25 4.30 6 173.8 171.5 171.9 6 125.0 121.9 131.3 
7 4.25 4.20 7 174.0 170.3 171.7 ' 124.5 131.~ 122.0 
8 4.17 4.17 8 174.3. 16-3.7 171.7 .s 124.3 131.5 122.2 
g-a- 9174.5169.11171.8 g-m.7a 
1oaa- ~2-abla171.8 ma123.7- 

AI 4.17 4.28 -- Av 174.0 172.0 172.3 Av 125.0 122.3 130.9 

Av 4.23 cm 33.6 m u Av 172.8 a 28 Av 126.1 P U 

"?z 'xl 'T - PO2 In - P%O in 426 - 172.8 - 0 - a- I 
% %2 pT - pO2 mt _ pa2o _ pm at = - .l- 426 26 

“(&ill = p x vi. = 5;." = 15 &. = 6.0845 

'T2 
ri;= 

x26.1 = 15 = 1.0506 
426 

A$ = v% III - 1% aat I 6.Ctl45 - 4.W = 1.4197 

R.e. = 
~3.6 I 1 I 1.0506 I 1 

* = 426 1 :A197 = @f$ = .876 

PC& = 4.20 a . 33.5 -4 

'02 art = 125.7 I I# 

*“c2 - 1% is - vo2 Glt = 6.1518 - 4.69~6. 1.5602 

*‘o 2 Andyrer 

"02 Splrcmcter 
I +$$ = .9723 

R. 0. Anmlyur = .a76 
PO -P 

2-m O2 -A = l22:; 1 K6:: 
'* 1% - "2 -tA 

'A 
vT2 * -I- I 

'I '1 
11.05cd = 0.996 



‘oD2 
1 5.05 4.85 
2 5.05 4.75 
? 5.05 4.75 

7 &cm 5.m 4.60 
R 5.00 4.55 s 
9 5.00 4.50 

i@ 4.95 4.50 

PO2 in 
1 163.0 166 0 L- 
2 163.5 166.0 -- 
3 164.0 
Ir --A&L+ 164.0 165.7 2 
5 164.2 165.5 
6 164.5 165.3 u, 
- 165.0 ,165.o E 
8 z 165.5 164.5 
0 166.0 164.2 a 

10 166.0 164.0 --m 

A" 5.03 4.67 AV 164.6 165.2 AV 105.3 -- --- 

AV cm hoc3 m I.% A" 164.9 II I# Av 105.3 I l@ 

"T2 '11 'T - PO2 In - '%O in 426 - 164.9 - 0 261.10 - .- = 
vT1 % pT _ po2 (Xit.- %2o _ pm2 at l 426 - 105.3 - 25.3 - 40.3 = 255.10 = "02= 

P* it * vln * 1% 
‘02 aat = r '+I= 

105.3 X28.9 1 l.u22 
426 

'l&63 = 7.3ll5 

A.% = 1% in - 1% OPt = mla6g - 7.3115 = 3.8754 

PO2 alt = 105.0 IS 

PO2 in - lfh.9 I m# 

261.10 
‘T2 51, ‘T - PO 

5-s-p 
2 In - p120Ln 

T - ‘02 cut - p~2 mt - P%. 
. 

261.10 
=233.70=1'- 

PO2 Qlt ‘o, aIt = pT f 'mpir = .LLL&.pL gpis -7.2415 

*vc, - '02 1 n - "* rnt = Il.0500 - 7.2415.3.8085 - . 

IrhPmRx 

“02 An.ly ar 
“02 Splroetar 

= @& = 1.0176 

R.O. A-r - .722 

f 



pQ)2 p% in % alt 
1 4.93 4.90 5.10 1 157.8 152.2 153.5 1 97.2 97.7 94.7 

2-lLJL5.10 2l57A-2zLzLm 2q7.LQT.6olr.9 
? 4.93 4.95 5.05 --- 3 157.8 153.5 152.2 3m.597.5a 
4 4.90 5.00 4.98 4 157.0 152.2 153.3 492.597.395.5 
5 4.9 5.00 4.90 5 157.7 152.4 153.2 5 ¶.7 97.0 95.1 
6-2ia5-p 6157.2152.7157.5 6.97.796.795.1 
7 4.05 5.10 7 156.5 153.0 J53.3 .- .97.7 96.5 96.2 
8 4.85 5.10 8 156.2 153.5 153.1 d E! 97.7 96.3 96.8 

PAB5-5.10- ? 156.0 157.8 1w 9 41.7 96.2 97.5 
i@ 4.02 5.07 10 156.0 152.2 153.3 10 97.8 95.8 95.1 

AV 4.89 5.01 5.03 AV 157.1 152.6 153.4 Av 97.6 96.9 95.4 
. 

AV 4.98 cm 40 0 . m IQ Av 154.4 m Es AV 96.6 = Es 

"T2 % 'T - PO2 in - 5$0 in 426.0+4.4-o- 280.60 
5 = %; - Pfp - PO2 alit - pa20 - Pm2 cut 

I h26.0-96.6~28.4-40.0 = 261.00 = 1'*51 

Pg, x vi4 
%L? in = PT 

"T2 
5' 

%.6 I 31.4 I 1.0751 
426.0 -w - 7.6550 

AVC+ - V% in - vt+ at - il.3807 - 7.6550 - 3.7257 

R.Q. - 40~ pm2 aIt 
a&ip- 

40.0 x 31.4 x 1.0751 xl 
P? 

4 26.0 I 3.7257 

me f-P1- 

Pq - 5.07 Q - 40.6 - 4 

po2alt. %.3 my 

PO2 in - 154.4 I n# 

280.0 

VT2 pm -2. 
PT _ PO 2 in - ‘?2% 

5 412 'T -' 02 OJt - Pw20ut 

V, PO 
-2 i: - ix v.Pir 

pT Vn -p/VT. - 

.‘V c2 = vc@ in - VCQ at - lo.?* - 7.193 - 3.5453 

R.Q. hwr . .85c8 



&bJnt D. II. Bar 29.90 -u 759.460 -m 
Worlr Iml Btmdiw T. 70.5 7 
Altlbtb lS.ooO Pt % = l P 
Supply QmDiluter-Wumd RZ PC = .0423 j/it3 
nm Tlr 161.0 9re. hpir 15.0 Literr 
rnfi I= 4 - Ir via . (14.65) Lltau 
m20 (krt 24.8 -4 PT . 426 I I& 

p%!alt 4 in PO2 QLt 
1 3.90 4.20 3.75 4.10 1167.5 170.7 174.0 1 128.7 125.3 127.9 130.8 -- -- --- 
2-3xL~70 2 167.5 171.1 173.8 2 128.3 125.8 128.0 131.0 
3s -9.6~~3~5 3 167.5 171.5 173.3 3 128.1 126.1 128.2 131.3 
4L.M L.w.- 4 167.5 171.9 172.5 4 128.0 126.3 128.6 131.5 
5c.os4mL.5- 5 167.2 172.1 172.0 5 lg.8 126.5 129.1 131.8 
~A.RL -50 6 166.7 172.9 171.5 6 127.5 x26,5 129.5 132.0 
7 410 4.05 1.55 3.05 -ALL-- .172.3 170.5 - 
8 TT- 4.05 7.55 3.85 

127.0 126.5 129.9 132.1 --- 
8166.2-- 172.6 170.0 3 126.5 126.5 130.0 132.1 --- 

pAa2L -.- 0 166.0 173.0 169.5 9 - 126.1 126.5 130.1 132.1 
i@ 4.05 4.10 I.65 3.90 10 165.9 173.2 169.7 10 126.0 126.5 130.1 132.2 --- --- 

AV 404 4.07 3.61 3.92 A AV 166.8 172.1 171.7 AV 127.4 126.3 129.1 131.7 _____- --- 

Av 3.91 n 30.2 w Es Iv 170.2 m Bg A-J 128.6 m Q 

"T2 plll pi - PO2 in - P%O in 426.0-170.2-o - x-. 
"Tl %2 pT - '02 ait - pago - PC0 cut = 426.0-128.b-24.tl-30.2 = $$fi = 1'0553 

2 

170.2 x14.65 = = 5,85,1 w 

5= '% 128.6 426.0 = q!g x 14.65 I 1.0553 = 4.6671 

A$ . v4 in - V% art n 5.8531 - 4.6671 . l.L%o 

‘T2 'al 
T = s = 

po2 OJt Vo2 QLt = - 
9 

= '.pir = ~.~o.4.500 

V, PO V I 1r '2 io = 1 = y, 
pT &,,, 

d”c2 = PO2 in - VW it = 5.7027 - 4.500 = 1.2w-l 

“‘02 Analyzer l.l%o 

d”Oa Spirmcter 
. m =.%61 

A.Q. And.ycer . .9241 
P 02 cu% - Po2 cutA 

'02 i%A - '02 CUtA 
. gggg .-g. -0.0192 

‘A % 
TX7 = g+ x 1.0553 = 1.030 
2 Tl 

'0 =Avo2 x i x s x Tag PT e 
2(==4 = 0.227 utcrm/Bin 



pw2 PO2 in PO2 (ut 
1 4.go 5.M) 5.0 1 169.1 164.2 164.9 l 114.1 - 112.0 
2 b.90 5.00 4.95 2 169.4 164.2 164.6 2114.[)111.5112.1 
? c.90 5.00 4.90 3 163.5 164.0 164.9 3 119.7 111.6 112.5 
4 5.02 4.95 4.85 4 163.7 164.0 164.8 4 119.2 1118 112.9 . 
5 5.12 4.92 4.85 5 163.9 164.0 164.7 5 112.1 111.8 113.5 
6 5.16 4.95 4.80 A 6 1640 164.0 165.2 6 112.&111.9. 
7 5.15 4.93 4.80 - 1640 . 164.0 165.0 - 111.3 111.9 -1IL.o 
C 5.10 4.95 4.85 a 164.2 164.0 364.5 a110.2112.0114.0 
95.055.00_4.Bc, 9164.2-.26LtL164.n ~-AJuLAL?AL~ 
-C 5.05 112 a a s lo 109.7 &i%L 114.0 5.~) 4.80 

AV 5.04 4.97 4.87 Av 163.8 164 0 164.7 Av 112.1 111.e 113.9 . 

IV 4.96 m as m 39.7 AV 164.1 m as AvA2.6 =S 

% PNl PT - pO2 in - '%O in 426.0 - 1.5b.l - 0 
- =A = 
VT1 Pg2 pT _ po2 ,,Et _ pa2o _ pw CIlt - h26 - 112.6 - 24.8 - 39.7 -%.I% - 1.0522 

2 

Pg,inv*. _ 164.1 x 37.1 6088.11 
%z in - PT 426.0 - .- -14.31 

pQ2 art I Vin = 'wwt - pT 
'T2 
oi;; 

I 112.6 x 3.1 x 1.0522 
426.0 . w I 10.3181 

3.7 137 .1 I 1.0522 I 1 I i@W6. .gln 
426.0 I 3.9729 

'T2 pII pr - PO Pa20in 
261.9 

2 in - - lu - -2x.6 
5 - 5 - 'T-' 

I 
02 cut - P m2 art -P&o 

% mt 

.& - l.fMa 

Vc$ cut - -q-- = vspir - 
1124~366.82 h2:;" 'g.m 

V, po2 V 
-2 i? = -- x s ir 

pT v-" as .vT, 

- - 

Avc2 = vo2 il - vo2 cut - 13.99 - g.68oc - 3.8686 . . 

Avo2 Analyzer 
-2 Sp1rmeter 

- $zl?i? I 1.0270 

R. e. hd.per - .9157 

po2 oll% - p% cut* n2 - 112.6 
PO, in* - po2 CutA - l&.1- 112.6 

vT2 
$Gy- -E x 1.0522 - 1.060 

"2(S'RD) 



u-66-399 
nEsPIRArIollmL~ mn+ 36 mu 3-23-66 

- 

I 
EhbJnct B.A. BU 29.78 "Bg 756.412 I 4 
wo* I.eWl~ T = 76.5 l ? 
Altitude- m cm = _--_- *I 
Supply IN Diluter-Dmmd Reg. ~8 I .CA24 f/rt3 
mn The 120.4 me. vapir 16.28 + .6 - 16.88 Liter8 
a20 In - ar w-2 Via = 15.6 litarm 
Pa20 out 23.5 -4 

PT . 426 I Hg 

p% P%? in 

2.1 Q. PT 
2.02 ci. Tmenaor 

PO2 alt 
1 2.68 2-60 2.62 -A- i 168.5 169.8 167.8 1 --- 127.7 130.3 128.0 
2 2.63 2.63 2.68 2 168.7 169.8 168.0 2 --- - - 128.0 130.1 128.0 - 
9 2.63 2.65 2.69 3 168.7 169.7 168.2 --- --- 3 128.3 130.0 127.9 -- 
4 2.61 2.66 2.70 4 168.7 169.7 168.5 4 128.5 129.7 127.8 --- --- --- 
5 2.60 2.68 2.72 5 169.2 169.8 168.9 5 e2.62- 2.70 2.73 6169.8---- 169.8 - 169.3 129.0 129.5 .127.7 - 6 

-- --- 129.3 129.2 127.3 
7 2.58 2.72 2.80 - 169.6 169.8 169.5 - --.- --- 129.5 129.0 127.0 - 
4 2.50 2.70 2.78 I-- 8 169.7 169.5 169.5 c 129.7 128.5 126.3 
9 2.60 2.70 2.80 --- ? 169.7 169.8 169.5 2 129.8 128.1 1.26.2 
-c 2.61 2.69 2.75 1C 169.7 163.3 169.3 10 130.0 127.9 125.8 m- mm- v-v 

Av 2.620 2.673 2.722 Av Av 169.2 169.5 168.9 12q.o 2q.2 127.2 

"T2 'Ill 
P 

'T- '2in- pq-0 in 426 - 169.2 - o 
5 - & = PT - PO2 DC: - pa,C - P 

WP 
at = 246 - 128.5 - 23.5 - 27.7 = @ = 1.0426 

~g, x Via = l69.22x 15.6 - 
‘02 ‘” = ‘T 

w = 6.19605 

P%outrvinx~ = u8.5xl5;6xl.o426 = - 209o.w 46 = 4.906 

Avo2 = voz in - v4 aat . 6.19605 - 4.9060 = 1.290 

AVw2 Pw2*t R.e. = r 
'T2 I - I. VinX7 x 1 = 27.7 x 15.6 x 1.0426 

oz PT T1 av;i; 
426 x 12900 = m = 0.820 

Pm= 2.58 m= 26.1 -u 

‘02 aJt = 128.3 I Bg 

P in . 169.2 
02 - 

mu 

‘T2 pN 'T - PO 426 - 169.2 - 0 * 
.r. 

5 pn, 
2 in - pB20,. 26 m33 261 233 .- .-, 

p T-r 02 aat -PC02 mt - P&O 
I 

% CUt 

k = 1.0350 

"02 mt = - 
PT 

= hpir = 1%;; 16.88 21;2;;70 5.o838 

'"CP = Vo2 il - VW OUt = 6.4779 - 5.0833 = 1.3*1 - . 

mwm 

AV '2 Analyzer .$g$. = .925 
-2 Sp1rcmeter 

R.Q. Andyzer I 0.820 
PO2 art B - PC2 alt * 

"2 i,, A - '02 

_ gj+g = jj&- = -o.cxYm 

mt A 

VA 
/ VB = vg 

vT2 = & I 1.0231 = .946 

iecswD) = AVo, x p I z x E = 1.290 x &.I & = 0.331 ~tara/min 



EA-66-389 
msPIPmIonmL?zlu E&n+ 37 pw 3-23-66 

&bJcet B. A. Bu 29.78 "a 75h.413 = u 
Work Ler*l~ at 3.5 m$ T = 77.5 *I 
Altitude 15,bCO Pt. Tve = --__- 'p 

SupplY Cu Diluter-Demand Feg. 48 = .d+24 i/it3 
mn Time 127.1 sec. Vmpir 28.~2 + .6 = 28.62 Lltcrm 
pa20 Ia zero -as vin = 26.4 uterm 
Pa20 mat 29.5 = Es pT = 426 m ~g 

pw2 PC3 ia PO2 Glt 

1 1.20 3.29 3.02 1159.0-a 11OS.Rw.nloq.l 
2 3.22 3.22 3.06 2 159.5 160.6 156.0 2 105.5 99.7 log.5 ---- --- 

1 3.24 3.20 3.03 3 159.7 160.5 156.0 --- --- 3 1~4.8 loo.0 log.3 -- 
* 3.25 3.20 3.13 4 159.7 160.3 36.2 4 104.3 loo.5 103.5 
5 3.30 3.20 3.12 --- 5 159.6 160.2 156.5 5 103.9 100.8 103 . 2 
i 3.30 3.20 3.18 6 159.3 160.1 156.7 6 103.0 103.7 101.2 -- 

- 1.30 Al2 -.J5cLIho.o157. -~-lQcLxcLE- 
E 3.35 3.16 8 i 158.1 160.0 157.2 102.2 101.7 107.6 
9 3.32 3.18 3.10 ? 157.8 -2a.!L.- 160.0 ; 102.0 101.9 107.3 

.c 3.33 3.18 3.10 1~ 157.6 160.0 158.0 10 101.8 m-2.0 107.2 -- 

AV 3.28 3.20 3.11 AV 158.9 160.2 156.7 Av 103.7 8 lc.3.3 100 . 

Av 3.20 cm 36.C -- - = a AV 158.6 -*es Av 102.2 m Eg 

"TP "'1 
P 

'T- '2in- '%O in 426 - 158.6 - o - i- = 
‘T1 Pus PT - PO2 OK: - pH20 - PC0 aIt = 426 - 102.2 - 23.5 - 30 = m = 1.0117 

2 

x via I lb.6 x 26.4 
426 = w = 9.82673 

V@ cut = p% cut I Vi” x vT2 5' 102.2 x 26.4 x 1.0117 PT 426 . w . 6.4077 

Avo2 = V9 in - V% cut . 9.8?873 - 6.4077 = 3.4210 

R.e. = 
*Vw2 pw2 cut VT2 36 x 26.4 x 1.0117 

av,, 

I - x vl*XF = 
PT ?I 

a+ - 426 x 3.4210 = ?f$?$ = o'66C 

426 - 158.6 - o 
'T2 'Nl _ 'T - “2 1" - 'll,Oi. 

426 - 1~1.5 - 36.3 - 23.5 

5-q-p 
I 

T - ‘C2 (~lt - ‘Co2 mt - ‘50 1.00233 

po2 cut Vc2 cut = - 
PT 

= vsplr - 
1M).54;;8.b2 28;;;” = 6.75190 

*“c2 = vo:, i, - ve PUt - 10.63052 - 6.75190 = 3.87862 
. . 

"'2 Analyzer 3.56317 

-2 Spircaeter 
=-= .9l.e& 3.87862 

R.O. h*er = 0.660 

pO2 cut B - pO2 cut 

PO 2 iq - PO 
2 mt*A = $$.ggg = - & = -.03014 

"A XL 
y ‘T, 

= ig&- x .939n = *= .gl253 26 1167 



I*bJeet D.U. Bar 29.75 "ar 755.650 I W 

York Lwl~ T = 7, 'P 
Altitude. 15.ooo Pt. 

supply cam DilutarrQmnnd Reg. 

mm Tlr 1. sec. 

peg0 In ---_- -Bg vi. - 13.10 Litarm 

Pago hat 20.2 =as pT - 426 m Hg 

poJ2 % In PO2 alt 

1 3.17 3.00 3.11 1 163.8 160.0 __lhbs 1115.9118.7dJhL 

2 3.12 3.w 2 164.0 159.5 -Ibhs 3.ca 2116.1118.7-uel.n 
3 3.13 3.00 3.10 3 l&.0 159.2 165.8 3 llh.2 -11&r -U.&L 

4 3.17 2.93 3.10 4 164.2 l.56L LbU- La -J1&rr - 

5 3.20 2.85 3.11 5 164.5 19.1 165.8 5 116.3 118.8 118 0 -- -- 
6 3.20 2.93 3.13 6 165.0 158.0 166.0 6 116.2 119.2 118.0 

--- 
, -315 3.15 2.92 - 165.3 .157.5 166.0 - 116.1 119.4 118.0 
fl 3.17 2.93 3.17 8 165.5 157.0 O 166.0 116.0 119.8 118.0 
9 3.15 2.95 3.18 0 165.8 156.5 166.0 2 115.8 119.9 118.Q 
-@ 3.10 2.96 3.20 IC 165.9 156.2 166.0 10 116.2. A A 

AV 3.16 2.95 3.13 AI' 164.8 158.1 165.9 AV 116.1 119.2 118.0 -b-Y 

AV 3.m cm 34.0 WI Bg AV 162.9 w Q A" 117.8 m Rg 
-- 

"T2 % 
P 

PT- o2in- P%O in 426 - 162.9 - 0 
r =7 = "'1 B2 pT - pO2 

OFF _ PB2c _ pw2 CUf - 42b - 117.U - 20.2 - 34 = %% = 1'03582 

= Pg,~VVia. 162.9 x 13.10 Vo2 f” 
PT 

426 = w = 5.00936 

vo2 cut = pt x vin = 2 = 117.8 x 13.10 426 x 1.03582 = lJS8& = 3.75225 

Avo2 = v% in - Vo, cm. . 5.00936 - 3.75225 = 1.25711 

AVw2 pw2 cut v*2 

R.Q. = Iv,, 

1 
- - X. Vin .x r * avi;; - 

34 x 13.10 x 1.03582 x 1 = ;;;.;; 
426 x 1.25711 

.8b148 

PT T1 

ALam 

m4 Brp1- 

PC.+ l 2.9 Q - 31.0 I m# 

PO2 Qlt I 116.0 --@ 

PO2 in . 162.9 -q 

426 - 162.9 - 0 
'T2 pa1 ‘T - PO k% - 116 - 31 - 20.2 2 - in ‘I,Oia 
5 = i;;;; = PT -PO2 art- Pw2 &-P - 

1120 

pO2 art 
PC+ cut = pT = v.pir - 

116 ~~i5.26 I w . ,,15530 

PO v- -2 -2 il pT 

d"c2 = vo2 i? - vc%? aat . 5.2P703 - 4.15530 - 1.14173 

*‘% Analyzer 
AV 02 sp1rmeter 

I m - 1.10 

R.Q. Annlyzer . .86148 
%? - PO2 .a$ cut* 116.0 - 117.6 1.8 = PO2 - PO2 162.9 - 117.8 - - - 

'II* "tA m 0.0399 

+$$ x 1.036 = 0.09 

YO 426 ii%? = 0.281 2(SlTD) 1.257111 $&I 5b.x 532 utarr/mia 
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u-66-389 
REsnw.TxonA!uL~ mn t 39 nta 3-24-66 

I%bJ,ct D. W. Bar 29.75 "ar 755.650 - ar 
Work ImwlW~lk O$ T. 73 l r 

Altitude 15,oal IT Tve - __---- l p 

Eupply ~lMluter-Dcynd Reg. 8 - 0.0426 f/it3 
mm Tlr 156.0 me. V,pir 33.26 + .62 - 33.86 Lftcrx 

Pen0 In- -u vi. - 33.60 Litam 
FQ20 out 20.7 -Es PT -42bmHg 

pw2 % in % alt 
1 3.55 3.62 3.70 3.60 1 160.7 161.0 160. o --- 1 104.0 101.8 93.7 y3.3 

2 _3.5s 3.p- 3.70 3.$8 2 160.7 161.9 160.1 2 103.9 101.8 93.5 sa.3 
2 3.62 3.60 3.70 3.60 3 160.7 161.9 160.1 3 103.7 101.8 9e.2 98.3 
4 3.63 3.60 3.70 3.60 4 160.7 161.9 160.2 4 103.2 101.9 pa.1 9.3 

5 3.61 3.57 3.68 3.p 5 160.7 161.9 160.2 5 102.5 102.0 93.0 sB.3 

6 3.68 3.60 3.67 3.29 6 160.5 161.9 160.3 6 102.2 102.1 97.9%. 3 
- 3.67 3.59 3.69 3.>5 - 160.3 161.9 160.2 - 102.1 102.2 91.8 ee.3 

5 3.62 3.60 3.63 3.53 8 160.1 161.5 160.2 102.2 97.5 qe.3 

9 1.65 3.50 9.60 3.55 0 160.0 161.0 160.1 

AC 3.60 $603.60153 10 160.0 160.5 16o.n lo J!LuL 1023 97Q.3 

AV 3.62 3.59 3.66 3.57 Av 160.4 161.7 160.1 Av 102.7 101.9 98.0 9.3 

AV 3.61 cm 43.0 m eg AV 160.8 lnag Av100.2 ,m& -- 

'*2 PM1 
P 

'T- '21,,‘ pg20 in 426 - 160.8 - 0 
q - %; - pT _ po2 Olif _ pH20 _ pw2 Qlt = 4% - 100.2 - 20.7 - k3 - %i - 1’o1182 

b I VI11 
vo2 in - PT 

I ic5k&ps m ?tg&i!z . 12.65& 

-2 v9 mt . ‘pt I Vin r. ~ I 100.2 I 33.60 x 1.01182 . "f65' 7.99650 

A$. v,+in-l%cut - l2.6&81- 7.99650.4.68631 

4 
3 

x .bo x 1.01182 x 1 1461.88 
R.Q. - &j$ - 4z3. L.68631 -igq7-.7-b 

Piem 33 
ALmoB 

au ml- 

PC% = 3.55 m - 42.2 m u 

‘02 cat L loo.0 mIl# 

P in . 160.8 I ug 
02 - 

426 - 160.8 - o 
‘T2 ‘I1 ‘T - PO 2 in - pE2°1n )126 - 100 - 42.2 - 20.7 

T-s-P 
. 

T - “32 mt - ‘CO2 OUt - pn20 - 1.00793 

PO2 cut vc$cut- pT = v.pir - &22&p . 2gp . 7.94035 

4% - vo2 19 - vo2 mt - 12.67976 - 7.94035 - 4.73141 

SJMKU 

"'2 Anmlyrcr 

AVo2 spircmcter 
. ggg - .99046 

R.Q. hdycer . .73226 
F? cu$ - Pot cut* 100.0 - loo.2 .2 
PO2 in*- P4 it* - 160.6 - loo.2 - - KT . -0.oo492 

2 = VT1 2 . $$+.0uJ32- l.005 

'2(STPD) 
.Avo2 x !$? x;. E. 4.686 x i$ I E x $j$j - 0.933 ut-/Lin 
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DISCUSSION OF DATA 

Figure 36 presents a summary of the data taken on Runs 20 through 39. 

These data are felt to be most representative of the respiratory analyzer 

performance and represent-the final imprmmentsin instrumentation and 

experimental techniques. Earlier runs are not covered herein as they are 

not considered of equal significance and have been previously reported in 

Monthly Progress Letter No. 4. 

Each of the runs is itemized by run number, the experimental subject, 

the altitude, the composition of the incoming air, and the work level effort 

of the subject. For each of these runs the following data are tabulated: 

1. Percent error in Oxygen Uptake - This column represents the 

difference between oxygen consumption as computed by the analyzer 

and the consumption computed from a collected sample of the 

respiratory products. A plus value indicates that the analyzer 

showed a higher consumption than the "bag analysis" (balloon 

collected sample). 

2. R.Q. - This column presents the respiratory quotient of the sub 

ject as computed from the respiratory analyzer data. 

3. Percent Error in AP% - The APO2 error is the difference between 
exhaled partial pressure of oxygen measured in the balloon and 
the partial pressure of oxygen measured in the analyzer, expressed 

as a percent of the difference between inhaled and exhaled partial 

pressure of oxygen as measured by the analyzer. 

4. Percent Volume Error - This column shows the percent difference 

between the volume as determined from the mass flowmeter and the 

volume as measured by the spirometer as corrected for the ratio 

Of the VT2 
/ 

VTl. A positive value indicates that the ma68 flow- 
meter gave a higher indication than the spirometer. 

5. Pe Error - This column presents the discharge partial pressure 
of oxygen measured by the analyzer minus the discharge partial 
pressure of oxygen measured in the balloon expressed as a percent 
of oxygen partial pressure in the balloon. 
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6. Oxygen Uptake - This column presents the oxygen uptake of the 

subject corrected to standard conditions (32*F, 760 sna Hg pressure, 

dry) expressed in liters per minute. 

All but three of the 20 nrns demonstratedaceulacy in oxygen 
consumption measurements within the desired range of f10 percent. Run 27 
was extremely out of line and showed a difference of 36 percent. After 

careful examination of the data it was concluded that this error was prob- 

ably caused by improper operator technique. The line through which the 

balloon sample is withdrawn was teed to the line from the inspiratory 

mixing chamber. Failure of the operator to tightly seat the valve from the 

mixing chamber while analyzing the balloon sample could have caused this 

error. The test setup was changed to eliminate this poeeibility for all 

subsequent runs. If we choose to ignore the 36 percent reading -on the 

basis of faulty operator technique the average positive error is 6.4 per- 
cent, the average negative error 6.67 percent, and the arithmetic mean 
error 0.09 percent. Of the remaining two runs which exceeded an error of 

f10 percent, Run 24 (-16.2 percent) was conducted at sea level using a gas 
mixture of 40 percent oxygen and 60 percent nitrogen. In examining the 

data to discover the reason for this high error, an interesting fact evi- 

dent from earlier error analyses becaane apparent. The volume checks were 

reasonable, being within 4.7 percent, and the PO2 out readings checked 

well within the desired 1 percent accuracy. !Fhc equation relating AV02 

for the analyzer to nV02 for the balloon sample can be written In the 

following form to explain this effect: 

vT2 
A Vo 2 analyzer = Vin analyzer "2 in - yT1 "2 Ult -ly= (13) 

A Q2 peg Vin 
bag '?? in - '*2 '02 aut brg 

vr, 

Here, we can see that. If PO has a large absolute value, mall dif- 
ferences in the ratios of Vt2TGTl will have a large effect on the tern 

c vT2 
'O2ln -VT 1 p% out 

> 
. In this particular nm, the value of P 

02 cut 

52 



20 1.). lklk B.L. Air 4.4 1.0 

21 Y.A. Stand 8.1. Air +11.8 1.03 

22 Y.A. walk E.L. Air +2.8 .87 +0.0 +2.2 

23 L.B. Stmd 8.1. Air -4.5 1.05 +o. 3 -4.0 

24 1.). 8-d 8.1. 4040* -16.2 .76 -4.5 -4.7 

~[[i.1).-&l 1 10,OW 1 D.D.- )I -6.3 1 .97 1 +2.8 1 +b.O 1 -.61 / 0.263 1 -7 

E-Ti.B. IlO,ooO 1 D.D. [I +7.7 ( .83 ) -0.8 1 +8.4 1 +.28 1 0.840 \ 

Stand I15,ooO 1 D.D. ]]+36.0 1 1.17 1 +10.9 1 +1.5 1 -2.8 1 0.252 1 hulty oprator tadmi~~~ -1 
Fl L.BTilk ) 15,ooO 1 D.D. 11 +3.9 1 .82 1 -3.5 1 +13.0 I +1.6 / O.90 1 --I 

1 1L.B. -Stand 1 5,000 ( D.D. (1 -4.8 ( 1.20 1 -2.49 1 +2.50 I +.41 / 0.295 1 -7 
30 L.B. hkl.k 5,WJ D.D. +10.0 . LOB +2.4 l 3.7 -.69 0.978 

3l DA. Stand 15,m D.D. -3.5 .@a -0.9 +0.4 -.32 0.277 

32 D.M. wali 15,ooO D.D. +2.7 .72 -0.5 +o.tl +.29 0.*3 

33 D.Y. Mlk 15,m D.D. +5.1 .85 -0.5 +6.0 +.31 0.879 

3k D.M. 8tsnd 15,ooo D.D. +5.3 .92 -1.9 +3.0 +.68 0.227 

35 D.Y. walk 15,m D.D. +2.7 .92 -1.2 +6.0 +.53 0.807 

36 Y.A. Stand 15,ooo D.D. -7.5 .I32 -0.5 -5.4 +.16 0.331 IR PC 4 smmr 

-8.1 .66 -8.7 0.828 
"II I( 

37 Y.A. Walk 15,ooo D.D. -3.0 +1.7 
“” II 

33 D.M. Stand 15,ooo D.D. +10.0 .06 -4.0 -11.0 +1.55 0.281 

(39-Y I 15,m 1 D.D, 11 -1.0 1 .73 1 -0.5 1 +0.5 I +0.2 I 0.933 I ” ” ” 



was epal to about 266 mm Hg as compared to about 160 m Hg when uelng air 
or the diluter-demand regulator. Furthermore, the differences measured In 

all parameters, Including Pm2, between the analyzer and balloon eaaples all 

tended to influence the difference in the same direction. 

The significance of the R.Q. values comprted for these runs Is question- 

able since no control vas used in selecting or readying the subjects for 

test. Runs were made before and after meals and with no control of diet. 

In some instances, the subject (L.B.) had just completed strenuous exercise 

on the treadmill for another test program. The subject (D.M.) was notably 

relaxed during most of his runs and once actually dozed between runs while 

still breathing from the mouthpiece. In general, the R.Q. values serve as 
a confirmation that the oxygen consumption values are not grossly in 

error. The R.Q. can also be used to further the argument that in Run #27 

the error is in the bag sample analysis rather than In the analyzer deter- 

mination. R.Q. computed from the bag sample would indicate the extremely 

improbable R.Q. of 0.48. 

Although considerable effort was expended in steady-state and pulsatlle 

calibration of flowmeters, the best check is probably the comparison of 

integrated flowmeter values with spirometer measured values under actual 

operating conditions. Out of twenty runs, four exceeded a 26 percent 

difference. All but six were on the "plus" side. The average "plus" 

difference was 4.23 percent, the average llminus(' Ulfference was 5.7 percent, 

and the arithmetic mean difference was +l.25 percent. The largest difference 

(+13 percent) was measured on Run #28. No reasonable explanation for this 

large discrepancy could be discovered. It should be remembered, however, 

that the error could have been in the spirometry and this "outside" value 

does not necessarily indicate erratic operation of the flowmeter. Run 38 

also showed a large error(-11 percent). Examination of the data traces 

in this case offered some clues as to probable reasons. Figure 37s shows 

a trace of the mass flowmeter during the first part of the run. Between 

the normal appearing breaths we see an unusual breathing pattern. It is 

believed that the subject relaxed his bite on the mouthpiece and inhaled 

largely from the surrounding atmosphere rather than through the flowmeter. 
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This could have influenced the reading by as lnrch as 6 or 7 percent. In 

addition, the last inhalation measured by the flowmeter before switching 

the sample valve was very shallow as can be seen in figure m. The sub- 

sequent exhalation which was collected in the balloon vaa probably mch 

larger since the next inhalation vas greater than normal. This could con- 

tribute another 2 or 3 percent. 

The data shown In column 5 indicates that the PO2 measured in the 
expiratory mixing chamber checks the collected sample with fl percent for 

fifteen of the nineteen satisfactory runs. In the remaining four, the 
difference did not exceed f2 percent. In Run #21, the PO2 in the balloon 

read higher than any value measured from the mixing chamber during the run. 

It is quite possible that this discrepancy was caused by the same faulty 

operator technique discussed for Run #27. 

The values of oxygen uptake of the standing subjects varied between 

0.263 and 0.346 liters per minute. With the subjects walking the treadmill 

at 3.5 miles per hour the uptake varied from 0.763 to 0.978 liters per 

minute. Again, it should be emphasized that no control was exercised over 

the condition of the subjects at the time of test. 

For the runs in which the composition of the incoming gas was known, 

the PO2 sensor output was adjusted on the Offner Recorder to the proper 

reading. Sampling during the tests always checked the initial input value. 

For runs with the diluter-demand regulator, the Offner was set to read 

correctly on sea level air. The output of the demand regulator was found 

to drift somewhat during the runs. This can be seen by examining the 

"P 
O2 'in 

11 readings on the data sheets (figures 14 through 33 ). General 

curves of typical diluter-demand regulator performance are shown for re- 

ference in figures 38 and 39. 

Runs 26, 29, and 30 required shifting of the zeros on P 
02 

after the 

chamber was taken to altitude. Thus the readings on the data sheets are 

not in units of PO2 and must be converted using figures 40 and41. 
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INSTFW4EWCATION CALIBRATION 

FI.CWMEYI%R CALIBRATIONS 

Two NASA-supplied Technology, Inc. flowmeters were made available for 

use in this program. They are designated by Part Numbers S/N O&/O19 and 

S/N oo7/022. These instruments have a nominal capacity of 0.4 of a pound 

per minute. The signal conditioners ibr these two units were especially ad- 

justed and calibrated for the range of 0.2 pounds per minute. These intru- 

ments were sent to Technology, Inc. at the beginning of this program for 

overhauling and recalibration and the calibration curves received are shown 

on figures 42 and 43 . These calibrations were again checked at NAA at 

the start of the program and the results reported in NAA Report ~~~-65-822. 
Copies of this report were submitted with the Second Monthly Progress 

Letter. These calibrations were used during the Initial portion of the 

program during which analyzer system development were being accomplished. 

Prior to the final runs of the developed analyzer (run 20 and subsequent) 

the flowmeters were cleaned and recalibrated. Part No. S/N O&/O19 was 

used for the remainder of the program. This calibration was run against 

the North American Thermodynamics Lab No. 3 orifice plate. These calibra- 

tions were done with air, pure nitrogen, and 40-60 oxygen nitrogen mixture. 

A check of the flowmeters operation at 15,000 feet was also conducted. 

The results of these calibrations are shown on figure 44 , and were used 

throughout the remainder of the program. Periodic spot checks were made 

which indicated no shift in calibration. 

ZXle to the necessity of integrating the output of these sensors, only 

a linear calibration can be used. The output was integrated by use of a 

planimeter on the Offner Recorder trace. Overall accuracy of better than 

26 percent has been estimated including integration error-B. This accuracy 

is substantially confirmed when integrated values are compared to spirometer 

measured samples as can be seen from the data summary sheet in figure 36. 
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CALIBRATION OF OXYGEN PARTIAL PRESSURE SENSOR 

The oxygen partial pressure sensor and its associated electronics we= 

designed and calibrated to provide a linear output varying from zero volts 

at zero partial pressure to 5 volts at 500 mm Rg partial pressure. This 

calibration was checked at NAA using prepared gas mixtures over a broad 

range. This data is shown on &he left-hand side of figure 45 . More im- 

portant than the absolute value of total pressure, however, is the accuracy 
and repeatability of a small range from an initial known value of PO 

2 
. To 

accomplish this calibration a meteorological balloon was filled with air 

and the sensor output adjusted to the known partial pressure on the Offner 

recorder. A small quantity of CO2 was then introduced into the balloon. 

This mixture was then sampled by the analyzer and the partial pressure of 

CO2 and O2 were recorded. This procedure was repeated for various CO2 

dilutions and plotted as shown on the right-hand portion of figure 45 . 

The solid line shows the theoretical variation of PO2 as a function of the 

CO2 dilution. It will be noted that the oxygen partial pressure readings 

remain well within the +-1 percent tolerance specified. This type of cali- 

bration was routinely performed from Run 20 and subsequent. 

CALIBRATION OF CO2 SENSORS 

The calibrations of the interim CO2 sensor (Beckman Monobeam unit) were 

accomplished by Beckman Instruments and are shown on figure 46 . This cali- 

bration was routinely spot-checked using prepared gas samples containing 

0.5 percent and 3 percent Cog. These readings corresponded to the Beckman 

calibration curve and showed no tendency to shift during the period of 

testing. The calibration was, however, found to be sensitive to a A P 

across the sensor housing which required that the sensing unit be located 

in the altitude chamber for altitude tests. 

The IR CO2 sensor, finally incorporated into the unit, was calibrated 

by NAA at sea level pressure using sample gases of known composition and 

by using the relationship of PC.2 and Pco2 as an air ssmple is diluted with 

co2. This is the same technique described under "Calibration of Oxygen 

Partial Pressure SensorsW. A shift in calibration at altitude was faund 

by making checks with known gas mixtures. The sea level and 15,000-foot 

calibrations are shown in figure 47 . Time did not permit a complete 
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evaluation or possible elimination of altitude sensitivity. 

TOTALPRESSURE SEXSOR CALIBRATION 

The total pressure sensor was calibrated by Beck and the calibration 

curve is shown on figure 48 . Check points of this calibration taken 

during altitude lvns are shown by the trim&a points on the SCLPC figure. 

TEWERATURE SEWSORCALIBRATION 

The temperature sensor was calibrated by Beckman and is shown on 

figure 49 . Since this instrument was not used, no further calibrations 

were obtained. 
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One of the major goals of this effort was the design of small mixing 

chambers capable of mixing either the inspired or expired gas such that 

quasi-steady-state readings of the partial pressure of oxygen are obtained 

which are within plus or minus 1 percent of the true average value of 

oxygen concentration; 

The P 
02 

sensors utilized in the analyzer have a relatively slow response 

rate for measuring small and rapid fluctuation in partial pressure that 

might be encountered during the development of the mixing chambers. As a 

result it was decided to run the mixing chamber tests using CO2 as a trace 

gas in determining effectiveness of the mixing. A Beckman LB-15 CO2 analy- 

zer was utilized as a sensing device. Before going into further details 

of the mixing chamber tests it may be helpful to consider the nature of the 

mixing problem. 

Figure 50 shows a typical trace of CO2 concentration or ; at a point 

in a tube through which a man is exhaling. Since we are concerned with the 

mass of 02 consumed, or the mass of CO2 produced rather than a time average 

of percent gas composition, it is essential that the percent concentration 

be averaged with respect to 9 rather than with respect to time. In other 

words, if we are to sample the expired breath of a man as it flows past a 

point in a tube it would be essential to integrate the percent concentra- 
. 

tion at the sampling point with respect to i according to equation 14 

rather than taking the time average of the 

/ o t$ CO2 ;dt 

percent concentration according to equation 

/ ot'$ C02dt 

/ 

' dt 
0 

(15) 
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. 
Since it is undesirable to simultaneously measure V and percent concentra- 

tion and perform an integration according to equation 15, a mixing chamber 

may be used to reduce variations in percent concentration to such a low 

value that it can be considered a constant resulting in the following 

equation 16. 

1 
t 

4c0, ;dt 
0 

/ 

t = $co, 

;dt 
0 

0.6) 

From a practical standpoint, however, it might be difficult to mix to 

a sufficient degree that the percent concentration can be considered an 

absolute constant. It can be seen, however, that even if we evaluated the 

integral(lswe would get some approximation of the true concentration and 

the error wculd be a function of the time relations between V and percent 

concentration. Take for example, one cycle of the approximate traces 

shown in figure 50 and evaluate both integrals. This integration is shown 

graphically in figure 51. Here we note that the averaged value gives a 

concentration of carbon dioxide of 3.98 percent, whereas the integration 
. 

with respect to V gives a value of 4.26 percent. We might argue then that 

if a mixing process could be developed to accomplish a major smoothing of 

the percent concentration versus time curve, that a further time averaging 

of the smoothed curve would provide the desired accuracy. This reasoning 

gave rise to a two-stage mixer as a possible approach to minimizing size 

and complexity of the mixing chamber. In this concept a small sample is 

withdrawn from the discharge of a reasonably effective mixing chamber where 

some small ripple might be present. The sample is then further mixed in 

a small packed bed to remove this ripple. Sample data for both single and 

two-stage mixers are shown in the following test results. 

A schematic of a test setup is shown on figure 52. A breathing machine 

is used to cause pulsatile flow through the mixing chamber. Metered quanti- 

ties of CO2 are introduced in either a steady-state manner or intermittently 

coinciding with the expiration time of the breathing machine. A sample 

is withdrawn from the mixing chamber and passed through the LB-15 analyzer 
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Figure 52. Schematic of Mixing Chamber Laboratory Test Set-up. 



by means of a vacuum pump. The output of the LB-15 analyzer is recorded on 

the Sanborne recorder. The variations in concentration produced by this 

stilation are actually more severe than those experienced during an actial 

breathing cycle. 

Three basic test configurations were used: A straight plastic tube 

with a concentric piccolo-type sample tube, a mixing chamber shown on 

figure 53, and a combination of a mixing chamber followed by a straight 

tube with a concentric sample tube. Data are taken with and without a 

pebble bed in the sample line, and with both steady-state and pulsatile in- 

puts of co2. 

Figure 54a shows the results using the straight tube with the concen- 

tric sample tube for a steady-state CO2 input. The concentration of CO2 

computed on the basis of the breathing machine output and CO2 injection 

rate is 6 percent. Metering and control of the CO2 injection is estimated 

within *5 percent for the steady-state injection with slightly greater 

variation possible with pulsatile injection. Thus, the actual percent con- 

centration could be expected to be between about 5.7 and 6.3 percent. The 

data trace shows a strong sinosoidal variation between 4.3 and 5.7 percent. 

Figure 54b shows the same configuration with the same concentration of CX$ 

but with the CO2 Introduced only during the exhalation cycle of the breathing 

machine. As would be expected, the variation was somewhat smaller but still 

quite appreciable and the value less than the actual CO2 concentration. 

Figures 55a and 55b show the same configuration and conditions butwith 

the pebble bed In the sample line to the analyzer. Here.we see the pebble 

bed has smoothed the data nicely but the reading is considerably lower 

than the actual concentration. 

Figures 56a and 56b show the performance obtained under the same condl- 

tions with a mixing chamber. The level of the data are within the accuracy 

of the CQ's Injection measurements and only a small ripple is present. 

Figures 57a and 57b show the ssme setup with the addition of the pebble 
bed In the sampling line. Its effectiveness in removing the ripple Is 

apparent. 
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Figurer %a and sb show the performme of 8 mlxlng chamber followed 
by a straight tube. Sempllng la accanpllrhed by a "piccolo" abe concentric 
with the straight tube. This configuration was checked to detemlne de- 
sirability of sampling at a point in the system downrtream of the mixing 
chamber. This configuration displays smewhat lerm ripple and when teoted 
with a pebble bed (figures 59a and 59b) producer a very smooth trace. 

The configuration selected for test in the analyzer was the mlxlng 

chamber followed by the pebble bed mixer. Sampling downstream of the mixing 
chamber was not selected since it might not be moat amenable to a flight 

installation and did not appear to offer any major improvement. Such an 

installation would be recommended, however, if convenient. The "pebble bed” 
mixing in the actual analyzer is accomplished by the heat sink heat exchanger. 

Further proof of the effectiveness of the mixing chamber is found In 
the actual testing of the analyzer system as discussed previously In this 

report. 
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MIXINQ CHAMBER TEST 
BREATHS PER MINUTE I5 
;;LUM;gER BREATH 400CC 

DESCRIPTION OF CONFIQURATION! 
No mixing chamber- 

2 Straight tube with sample tulle 
;;;&$TATE 300 CC/MW in center (concentric). No 

2 - 6,0$ pebble bed In sample line 
to analyzer 

BREATHS PER MINUTE 15 DESCRIPTION OF CONFIGURATION 
VOLUME PER BREATH 4oocc No mixing chamber- 
CO2 RATE Straight tube with sample 

tube concentric In center of 
PULSATILE 
INPUT CO2 = 6.0$ 

600CC/MIN tube. No pebble bed in sample 
line to LB-15 analyzer 
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MIXINO CHAMBER TEST Figure 55 

BREATHS PER MINUTE 15 DESCRIPTION OF CONFIGURATION 
VOLUME PER BREATH 4oocc No mixing chamber- 
CO2 RATE Straight tube with concentric 

STEADY-STATE 300 CC/MIN 
sample tube in center. Also 

= 6.0 $ 
pebble bed in sample line to 

CO2 m-15 analyzer. 

BREATHS PER MINUTE 15 DESCRIPTION OF CONFIGURATION 
VOLUME PER BREATH 400 cc No mixing chamber- 

CO2 RATE Straight tube with sample 
600 CC/MIN tube concentric in center of 

PULSATILE tube. Pebble bed is in 
CO2 = 6.0% sample line to analyzer 



MIXfNG CHAMBER TEST 
Figure 56 

BREATHS PER MINUTE 15 DESCRIPTION OF CONFIGURATION 
VOLUME PER BREATH 4oocc Mixing chamber without pebble 
CO2 RATE bed in sample line 

STEADY-STATE 300 CC/MIN 
INPUT co2 = 6.M 

A 

BREATHS PER MINUTE DESCRIPTION OF CONFIGURATION 
VOLUME PER BREATH Mixing chamber without 
CO2 RATE pebble bed in sample line 

PULSATILE 6ooCC/MIN 
INPUT co2 = 6.0s 
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MIXING CHAMBER TEST 
BREATHS PER MINUTE DESCRIPTION OF CONFIGURATION 
VOLUME PER BREATH 4% cc Mixing chamber with pebble 
CO2 RATE bed'in sampling line 

STEADY-STATE 300 CC/MIN 
co2 = 6.0$ 

BREATHS PER MINUTE 
VOLUME PER BREATH 4&c 
CO2 RATE 

PULSATILE 600 CC/MIN 
co2 = 6.0 $ 

DESCRIPTION OF CONFIGURATION 
Mixing chamber with pebble 
bed in sampling line. 

B 
83 



MIXIN CHAMBER TEST 
Figure. 58 

BREATHS PER MINUTE 15 DESCRIPTION OF CONFIGURATION 
VOLUME PER BREATH 400 cc Mixing chamber and straight 
CO2 RATE tube with concentric sample ., 

STEADY-STATE 300 CC/Mm tube. No pebble bed in 

CO2 - 6.0 $ 
sample line to m-15 analyzer. 

BREATHS PER MINUTE 15 DESCRIPTION OF CONFIGURATION 
VOLUME PER BREATH 400 cc Mixing chamber and straight 
CO2 RATE tube with concentric 

PULSATILE 600 CC/MIN sample tube. No pebble bed 

co2 = 6.0$ in sample line to LB-15 
analyzer 
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Wwe 59 
MIXING CHAMBER TEST 

BREATHS PER MINUTE 15 DESCRIPTION OF CONFIGURATION 
VOLUME PER BREATH 400 cc Mixing chamber and straight 
CO2 RATE tube with concentric sample 

OC/IqIN‘ tube. A pebble bed is in the 
sample line to the LB-15 
analyzer 

A 

BREATHS PER MINUTE 15 DESCRIPTION OF CONFIGURATION 
VOLUME PER BREATH 400 cc Mixing chamber and straight 
CO2 RATE tube with concentric sample 

PULSATILE 600 CC/MIN tube. A pebble bed is in the 

INPUT co2 = 6.0$ sample line to the LB-15 
analyzer. 
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CO~CIXJSIONS ARD RECOlUtEBlATIOlUS 

Ihe test progrsa conducted under this contract has proved the feasl- 

bility of meatswing man's respiration products and oxygen consumption wlth- 
in *lo percent using equlpmsnt canpatlblc with aerospace crew compamnts 

and associated environments. It has speclflcally demonrtrated the cffectlve- 

ness of single sensors to mcamrt both Inspired and expired gast6 within 
fl percent, and of small mixing chambers to rtmovt tit breath-by-breath 
fluctiation of gas composltlon to be compatible with these accuracies. It 
has demonstrated these abllltlts ovtr an altitude rangt from sea level to 
15,000 feet. 

The success of this work warrants f'urthtr effort gtartd to produce 

flight-rated hardware, select appropriate airborne recording dtvices, and 
develope mechanized data reduction methods. Its usefullness in system for 
deteminlng cardiac output should also be Investigated. 
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